To determine whether the major intracellular loop of ␤ subunits of GABA A Rs is a substrate for Akt, we first serine-containing sequence (RLRRRASQ; Figure 1A ), very similar to the consensus sequence of Akt kinase, performed in vitro phosphorylation assays to examine the ability of purified active Akt kinase to phosphorylate is present in the major intracellular loop between the third and fourth transmembrane domains of all ␤ subglutathione S-transferase (GST) fusion proteins containing the intracellular loop between the third and fourth units. As Akt plays an important role in mediating insulin action on GLUT4 translocation and glucose transport in transmembrane domains of GABA A R ␤ 2 (GST-␤ 2 ). GST-␣ 1 and GST-␥ 2 intracellular loops that do not contain the peripheral insulin-responsive tissues (Datta et al., 1999; Downward, 1998), we set out to determine whether Akt potential Akt phosphorylation site, along with the GST backbone, were used as controls (Figure 1 ). Wild-type phosphorylation was largely attenuated by coexpressAkt and a functionally inactive mutant form (⌬Akt; ing ⌬Akt ( Figure 2A ) but was not affected by inhibitors Akt K179A ) were immunopurified from insulin-stimulated for PKA or PKC ( Figure 2B ), Akt kinase activity appears (200 nM, 5 min) HEK293 cells transiently transfected to be required for the insulin-induced enhancement of with the corresponding cDNAs. The kinase activity was ␤ 2 phosphorylation. In order to determine whether actithen assayed in an in vitro immunocomplex kinase assay vation of Akt was sufficient to induce ␤ 2 phosphorylation, using a specific Akt substrate ( Figure 1E ). We found that we next cotransfected HEK293 cells with GABA A R subactive Akt was able to phosphorylate GST-␤ 2 , but not units and a conditionally active form of Akt (ER-Akt) GST alone, GST-␣ 1 , or GST-␥ 2 , in vitro ( Figure 1B) . In (Kohn et al., 1998). ER-Akt is a chimeric protein concontrast, GST-␤ 2 was not phosphorylated by the kinasetaining a constitutively active Akt and the hormone binddead mutant, ⌬Akt, or heat-inactivated wild-type Akt, ing domain of a mutant murine estrogen receptor (ER) indicating the requirement for Akt kinase activity in this that specifically recognizes 4-hydroxytamoxifen (HT). phosphorylation ( Figure 1B) . Consistent with phosphor-ER-Akt is inactive until the ER region selectively binds ylation at a serine/threonine site(s), phosphorylation of its agonist, HT ( Figure 1E ). As expected, activation of GST-␤ 2 by Akt could be reversed by the recombinant ER-Akt by HT, which bypasses the insulin-stimulated human protein phosphatase 1 (rhPP1), a serine/threosignaling pathway, significantly increased the level of nine-specific phosphatase ( Figure 1B) . We next exam-␤ 2 phosphorylation, demonstrating that Akt kinase actiined whether this phosphorylation occurred at serine vation is sufficient for in vivo phosphorylation of the ␤ 2 410 (S410), within the predicted short amino acid stretch subunit ( Figure 2A ). of the ␤ 2 loop, using site-directed mutagenesis. As
To determine whether S410 of the ␤ 2 subunit is the in shown in Figure 1C , the point mutation that converts vivo substrate of Akt, a ␤ 2 mutant (␤ 2(S410A) ) was con-S410 into an alanine (GST-␤ 2(S410A) ) completely eliminated structed in which S410 was mutated into an alanine the Akt-mediated phosphorylation of GST-␤ 2 , while as using site-directed mutagenesis. As shown in Figure 2C , a control, mutation of the three tyrosine residues present the single S410A mutation dramatically reduced the level in the same intracellular loop (GST-␤ 2(3Y-A) ) failed to alter of insulin-induced phosphorylation of the ␤ 2 subunit. Akt-induced phosphorylation levels. Thus, S410 is the These results are consistent with the in vitro phosphoryonly residue within the intracellular loop of the ␤ 2 subunit lation assay ( Figure 1C ) and indicate that S410 is the that can be phosphorylated by Akt in vitro. The same sole site in the ␤ 2 subunit that is phosphorylated by Akt site has also been proposed to be phosphorylated by in vivo. both PKA and PKC in vitro (McDonald and Moss, 1997). However, the phosphorylation of GST-␤ 2 persisted in Activation of Akt Increases Cell Surface the presence of inhibitors for PKA and PKC ( Figure 1D) Expression of Recombinant GABA A Rs at concentrations that were sufficient to block the in Insulin stimulation causes rapid and ␤ subunit-depenvitro phosphorylation of the same substrate by purified dent translocation of intracellular GABA A Rs to the PKA or PKC (data not shown). Taken together, these plasma membrane surface, thereby potentiating recepresults demonstrate that the major intracellular loop of tor-mediated current responses (Wan et al., 1997b movement of GFP-Akt could be observed in both direcspond well with phospho-Thr308 staining in Figure 4A , strongly suggesting that, following insulin stimulation, tions, i.e., from the cell soma to remote dendrites and vice versa, there was a clear overall redistribution of the there was a recruitment and activation of Akt within the GABAergic synapses, and by this means Akt is put in a clusters of GFP-tagged Akt from the soma and proximal dendrites to the remote dendrites ( Figure 4B, aЈ and bЈ) , strategic position to exert its role in phosphorylating and translocating GABA A Rs, thereby modulating receptorand this is evident in the red pseudo-colored image shown in Figure 4B , inset c, which was obtained by mediated synaptic transmission. We next examined the phosphorylation of native GAsubtracting the image of GFP-AH in a hippocampal neuron under basal nonstimulated conditions ( Figure 4B , BA A R ␤ 2 subunits at S410 in cultured neurons in situ using an antibody against the Akt phosphomotif aЈ) from that obtained in the same neuron 10 min after insulin stimulation (Figure 4B, bЈ) . These results corre-(RXRXXpS/T), also referred to as phospho Akt substrate . These results suggest that wild-type GABA A Rs (Figures 7C and 7D) . Point mutation changes in charge density may not be the sole determiof ␤ 2 S410 into alanine did not alter the rate of constitunant of the functional consequences of phosphorylation tive GABA A R insertion, but it prevented insulin-induced and that the particular kinases involved may also play facilitation of receptor insertion (Figures 7C and 7D) 1995; Wang et al., 1996) . In one functioning in the brain. In this regard, it is interesting of our previous studies using a combination of electroto note that serine phosphorylation of GluR1, a subunit physiology and electron microscopic immunogold labelof AMPA subtype glutamate receptors, has been shown ing, we were able to demonstrate that insulin produces to be critically important for activity-dependent insertion a rapid translocation of GABA A Rs from the intracellular of postsynaptic AMPA receptors during the expression compartment to postsynaptic domains, thereby potentiof the homosynaptic hippocampal CA1 long-term potenating GABA A R-mediated IPSCs (Wan et al., 1997b) . In tiation (LTP), a well-characterized synaptic plasticity the present study, we extended this work and have that has been proposed as a cellular substrate for learnshown that this rapid increase in the number of GABA detailed mechanisms by which Akt exerts its actions tein, which binds both ␣ and ␤ subunits and enhances have not been established, and whether these channels the stability of intracellular GABA A Rs, presumably by are direct substrates for the kinase or indirect targets blocking ubiquitination and subsequent degradation for Akt-dependent signaling pathways remains to be (Bedford et al., 2001 ). In the present study, using selecdefined. By identifying the GABA A R as a direct substrate tive measurements of GABA A Rs (both preblocking and of Akt, the present work provides strong evidence sugthrombin-based cleaving assays), we have been able gesting that ion channels may represent a novel class to demonstrate the insulin-induced increase in plasma of substrates for Akt, and that by direct phosphorylation, membrane insertion of GABA A Rs via an Akt phosphoryAkt can regulate function of these ion channels. Thus, lation-dependent mechanism. Consistent with this hythe present study not only links the ubiquitous serine/ pothesis, we have recently found that this phenomenon threonine kinase to synaptic plasticity, but also provides is resistant to inhibition of clathrin-mediated receptor a mechanistic framework for studying the detailed endocytosis (unpublished observation). Thus, the Akt mechanisms underlying Akt modulation of other ligandphosphorylation-dependent increase in the number of gated, as well as voltage-gated, ion channels. Both licell surface GABA A Rs is primarily due to an enhanced gand-gated and voltage-gated ion channels have a funreceptor insertion. We further demonstrate that phosdamental role in regulating neuronal functioning through phorylation of ␤ 2 at the single site, S410, is a prerequisite the control of neuronal excitability. Through phosphoryfor increased GABA A R insertion, and hence potentiated lation and modulation of these channels, Akt, in addition mIPSCs. Our work has therefore provided strong evito its known function in supporting neuronal survival, dence suggesting that direct receptor phosphorylation may have profound actions on neuronal excitability, by Akt may be an important mechanism underlying the thereby playing important roles in physiological and dynamic regulation of GABA A R numbers at postsynaptic pathophysiological processes in the mammalian brain. sites, and hence synaptic strength at GABAergic synapses.
Experimental Procedures
However, the physiological implications of the present work clearly extend beyond modulation of GABA A R- 
